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State-to-state elastic and rotationally inelastic differential cross sections for He + C2H2 scattering 
were obtained from an ab initio potential computed by symmetry-adapted perturbation theory 
(SAPT) by means of converged close-coupling calculations. From these state-resolved data total 
differential cross sections at £ cm=71.3 meV and energy loss spectra at £ cm= 62.0 and 102.9 meV 
were determined by transformation to the laboratory frame, and accounting for the experimental 
conditions via a Monte-Carlo averaging procedure. The results are in excellent agreement with 
experiment [U. Buck et al., J. Chem. Phys. 99, 3494 (1993)], which proves that the SAPT potential 
is indeed very accurate. © 1997 American Institute of Physics. [S0021-9606(97)01142-2]
I. INTRODUCTION
The most sensitive probes of intermolecular potential en­
ergy surfaces (IPSs) are high-resolution spectra of van der 
Waals molecules and molecular beam scattering data. While 
the infrared spectra are mainly sensitive to the interaction 
potential in the region of the van der Waals well,1-4 the 
scattering experiments yield information about the interac­
tion both in the attractive and repulsive regions.The most 
detailed beam scattering data are provided by state-to-state 
experiments. However, also total differential cross sections 
and (state-unresolved) differential energy loss spectra con­
tain useful information about the anisotropy of the interac­
tion, especially about the repulsive wall region.6
In principle the total differential cross sections measure­
ments can be used to extract intermolecular potential energy 
surfaces. The inversion procedure is well understood for 
atomic systems,7,8 but the determination of anisotropic po­
tentials remains still nontrivial, and may be highly nonu­
nique. Moreover, since the scattering data probe mainly the 
repulsive region in the potential, the IPSs derived from these 
data may be incompatible with spectroscopic information. 
On the other hand, ab initio potential energy surfaces that 
maintain good accuracy both in the attractive and repulsive 
regions are becoming available.9 Since nowadays accurate 
quantum close coupling calculations have become feasible, 
theoretical studies of elementary collisional processes based 
on accurate ab initio potentials and exact description of the 
quantum dynamics become important for the interpretation
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of the growing body of experimental data obtained by more 
and more sophisticated experimental techniques.
Van der Waals complexes containing the acetylene mol­
ecule have been object of many molecular beam 
experiments.10-19 In particular, the He-C2H2 complex has 
been almost exclusively investigated using scattering 
techniques.13-19 Danielson et a l.15,16 measured total differen­
tial cross sections and diffusion coefficients for this system. 
The cross sections showed pronounced oscillatory structure, 
suggesting a rather small anisotropy of the potential energy 
surface. Indeed, the scattering and bulk data could be accu­
rately reproduced by an analytical potential fit with param­
eters expanded up to and including the second Legendre 
polynomial P 2. 16 These results were in a sharp contrast to 
results obtained for the He-C02 complex.20,21 The differen­
tial scattering data for the latter system showed a pronounced 
rotational rainbow, suggesting a large anisotropy in the in­
teraction mainly due to the linear extension of the C 0 2 mol­
ecule.
Recently, Schlemmer,17 Faubel,18 and Buck et a l.19 re­
ported total differential cross sections and differential energy 
loss spectra for the He-C2H2 complex at various collision 
energies. While the total differential cross sections could be 
successfully reproduced by the potential of Danielson 
et al.,'6 this potential failed to reproduce the measured dif­
ferential energy loss spectra, especially at larger collision 
energies.17-19 Schlemmer,17 Faubel,18 and Buck et a l.19 dem­
onstrated that the energy loss spectra are much better repro- 
duced by a potential revealing a spindle-shaped contour““ in 
the repulsive region rather than the more usual ellipsoidal 
shape. This suggests that the anisotropy of the scattering po­
tential of Ref. 16 is not entirely correct, at least in the repul-
7260 J. Chem. Phys. 107 (18), 8 November 1997 0021-9606/97/107(18)/7260/6/$10.00 © 1997 American Institute of Physics
Heijmen et al.: Energy loss spectra for He-C2H2 7261
sive wall region. Recently, Bemish and Miller23 measured 
the near-infrared spectrum of the He-C2H2 molecule corre­
sponding to the simultaneous excitation of the asymmetric 
stretch vibration and hindered rotation of the C2H2 monomer 
within the complex. The experimental spectrum could not be 
successfully assigned24 by the use of the potential derived 
from scattering and bulk data.16
In a recent article, we reported an intermolecular poten­
tial energy surface for the He-C2H2 complex2^  computed 
using the symmetry-adapted perturbation theory 
(SAPT).9,26-31 Each contribution to the interaction energy 
was fitted to an analytical form with physically interpretable 
parameters. This potential was shown2'^ to reproduce all ma­
jor features of the recorded near-infrared spectrum.23 These 
results suggested that the anisotropy of the SAPT potential 
for this system is correct, at least in the potential well region. 
Since experimental total differential cross sections and dif­
ferential energy loss spectra are available for this system as 
well, one can use these data to further test the accuracy of the 
ab initio SAPT potential.
The concept of spindle-shaped potentials was introduced 
the field of molecular physics by Kihara andinto
co-workers22 to determine orientation dependent Lennard- 
Jones intermolecular potentials, that reproduce the observed 
second virial coefficients of molecular gases. Nowadays, 
more advanced models are used to describe interactions be­
tween molecules. As a matter of fact, both the perturbational9 
and supermolecule32 approaches interpret the interaction en­
ergies in terms of four fundamental components: electrostat­
ics, exchange, induction, and dispersion, as defined by the 
symmetry-adapted perturbation theory. Since for He-C2H2 a 
spindle-shaped potential was necessary to reproduce the ob­
served differential energy loss spectra,17-19 
see to what extent an ab initio potential— computed using a 
hicrh-level treatment of the electron correlation effects—  
reveals spindle-shaped contours in the repulsive region. If 
there are any, our ab initio results will tell us which physical 
contributions are responsible for them.
In this article we report the results of exact close cou­
pling (CC) calculations of differential cross sections for 
He-C2H2 at collision energies of £ ’cm = 62.0, 71.3, and 102.9 
meV. These calculations are based on our recent potential.2:1 
The total differential cross sections at Zscm=71.3 meV are 
compared with the recent experimental results,19 while the 
state-to-state differential cross sections at E
it is interesting to
atom— rigid linear molecule system corresponding to the to­
tal energy E, total angular momentum 7, its projection M  on 
the space-fixed z axis, and parity p can be written as an 
expansion,
V JEMp(R,?,R) = 'Z  xJj? W [ Y J{?)®Y‘(R)yM,
j'l
(1)
A  A
where r specifies the orientation of the molecule and R 
stands for the polar angles of the intermolecular vector R , 
both with respect to the space-fixed frame. The angle be­
tween the vector R and the molecular axis is denoted y. The 
angular functions are Clebsch-Gordan coupled products of
spherical harmonics Y\ (r) and Yl (R ),
[YJ(r)®Y'(R)]JM= X  Cimj -Jml\jM)Y,m{R)YJm.(r)y
in I ,ntj 1 J
(2)
I
where ( jn t j\lrrii\JM) denotes the standard Clebsch-Gordan 
coefficient.34 The radial functions x ftiR ) are solutions of the 
system of coupled differential equations (close-coupling 
equations).
The angular basis of Eq. (2) is adapted to the permuta­
tion inversion group P I(C 2u) (Ref. 35). In other words, the 
scattering states with even and odd j  correspond to states of 
para and ortho acetylene in its ground vibrational state, re­
spectively. The asymptotic form of the functions x j f W  de­
termines the S matrix elements SJjf■ ,l , . These in turn define 
the state-to-state differential cross section by the usual ex­
pression (see, e.g., Ref. 36).
The close-coupling scattering equations were solved us­
ing the hybrid integrator of Alexander.37 The log-derivative 
algorithm of Mrugala and Secrest38 was used to propagate 
from R min to Rend = 11.0 bohr with a constant step of AR
j /
nun
min
cm
= 0.08 bohr, and the Airy propagator was used to propagate 
from Rend to R mdX. The starting point of the integration R 
was fixed at 4.5, 4.5, and 4.25 bohr for collision energies of 
62.0, 71.3, and 102.9 meV, respectively. The corresponding 
end points were 80.0 bohr for all three collision energies. For 
£ cm=62.0 and 71.3 meV the angular basis included all chan­
nels with j  values up to and including ymax =  24 and 25 for 
para and ortho acetylene, respectively, while for Ecm 
= 102.9 meV ymax was fixed at 30 and 31 for para and ortho 
species, respectively. The number of partial wave compo­
nents in the calculations of the cross sections was fixed at
= 62.0 and 102.9 meV are used to generate the (state- J max= 160. The integration parameters (R R end > R
unresolved) energy loss spectra. The latter are again com­
pared with the results of measurements.19 The plan of this 
article is as follows: In Sec. II we briefly describe the for­
malism used to generate theoretical differential cross sec­
tions. In Sec. Ill numerical results are presented and com­
pared with the measured data. Finally, in Sec. IV we present 
conclusions.
II. OUTLINE OF CLOSE COUPLING SCATTERING 
CALCULATIONS
The coordinate system used in the CC method is a space- 
fixed frame.33 The wave function ^ Jg Ip(R ,ryR) for an
and AR), the number of channels included in the calculation, 
as well as the number of partial wave components 7max were 
chosen to yield the state-to-state cross sections converged to 
1% at worst. The rotational constant of the C2H2 molecule is 
b =  1.176 642 cm-1.39 All calculations were performed 
with the HIBRIDON system of codes 40
. NUMERICAL RESULTS AND DISCUSSION
A. Total differential cross sections
Experimental data for the total (i.e., summed over all 
inelastic and elastic channels) differential cross sections of
J. Chem. Phys., Vol. 107, No. 18, 8 November 1997
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FIG. 1. Comparison of measured total differential cross sections in the lab 
system at 71.3 meV with calculations based on the potential of Ref. 25.
He + C2H2 are given in Fig. 1 for the collision energy of 
Ecm = 71.3 meV.19 In order to enable comparison with ex­
periment, the calculated data were averaged over the angular 
and velocity distributions of the two beams, and were cor­
rected for the energy response and physical size of the de­
tector. Furthermore, they were transformed from the center- 
of-mass (c.m.) to the laboratory (lab) frame. The result is 
displayed in Fig. 1. The agreement between theoretical and 
experimental data is nearly perfect. Both the positions and 
the amplitudes of the diffraction oscillations are reproduced 
by the calculations in all detail, which indicates that both the 
onset of the repulsive wall R0 and the anisotropy of the mini­
mum distance Rm( y) of the calculated potential surface are 
realistic.
B. Energy loss spectra
The second set of observables, the differential energy 
loss spectra, are essentially sensitive to the anisotropy of the 
interaction potential. They are measured with high angular, 
but low energy, resolution and thus, contain information that 
makes it possible to distinguish between forward and back­
ward scattering. That is, the spectra discriminate between 
attractive and repulsive forces at the expense of the state 
selectivity. The experiment of Ref. 19, however, was con­
ducted with C2H2 as primary beam and He as secondary 
beam. This leads to a reduction of the angular resolution, 
since the c.m. angular range of 180° is squeezed to 15° and 
23° for the two collision energies Ecm = 62.0 and 102.9 
meV, respectively. In addition, the Newton diagram is 
double-valued, so that the measured time-of-flight (TOF) 
spectra consist generally of a fast and a slow peak which 
correspond to one lab angle but two different c.m. angles. 
The results for different lab angles 0  and the two energies 
are shown in Figs. 2 and 3, respectively. In both cases the 
two peaks coalesce into one when the limiting scattering
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FIG. 2. Comparison of measured TOF spectra in the lab system at the 
specified deflection angles and the energy £ cm=62.0 meV with CC calcu­
lations based on the potential of Ref. 25.
angle is approached, which occurs at 14° and 21.5° for the 
two respective energies. The c.m. angular range covers 
60°-180°.19 This means that mainly backward scattered par­
ticles were measured which probe the repulsive part of the 
potential.
A complicated averaging procedure is needed to com­
pare these data with the computational results. The details of 
this procedure were described in Ref. 41. The intensity of the 
TOF spectrum at the lab angle 0  is given by
da\
2 , 2 . p / h -  (g ,6 )A bE if,@,t),
/ — 1 *2 / • /  \  CCI /  ƒ ƒ
(3)
where /?,• is the relative initial state population and 
(da/d(j))if is the c.m. differential cross section for a single 
rotational transition /—>ƒ, which depends on the relative ve­
locity g and the c.m. scattering angle 6. The / summation is 
over the fast and slow contribution mentioned above and the 
/— summation contains all possible transitions which lead 
to the energy loss A Eif measured at the flight time i. The 
distribution function ƒ  contains all the information concern­
ing the averaging process and the transformation from the
c.m. to the lab system.41 It was calculated by a Monte Carlo 
(MC) procedure, using as input information the measured 
angular and velocity distributions of the two beams. The 
critical region for this averaging process is the limiting 
angle. At this angle, the Jacobian of the transformation from 
the c.m. to the lab frame becomes singular. In practice, even 
the smallest spread in some of the variables leads to a finite 
intensity in the energy loss spectra. On the other hand, the
J. Chem. Phys., Vol. 107, No. 18, 8 November 1997
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FIG. 3. Comparison of measured TOF spectra in the lab system at the 
specified deflection angles and the energy £ cm=  102.9 meV with CC calcu­
lations based on the potential of Ref. 25.
actual values of this distribution depend critically on very
FIG. 4. Comparison of measured TOF spectra at 0  =  15° and £ cm=  62.0 
meV with CC calculations based on the potential of Ref. 25. Inelastic tran­
sitions were included only up to the nominal maximum energy transfer.
ortho C2H 2 and 25% para  C 2H2 was 0.42 for 7 = 1 , 0.28 for 
7  =  3, 0.05 for j  — 5, 0.13 for 7 =  0, 0.10 for 7 =  2, and 0.02 
for 7  =  4 . 19 In the calculation we included therefore the initial 
states with j =  1, 3, 0, and 2. The final states are determined 
by the maximal possible energy transfer A £ max at each lab 
angle. These numbers were listed in Table III of Ref. 19. But 
also in this case we had to extend this range according to the 
calculated distribution ƒ  in Eq. (3) because of the finite reso­
lution.
An example is shown in Fig. 4. Here we compare the 
calculated energy loss spectrum with the measured one taken 
at 0  =  15° and E cm =  62 meV. According to the nominal, 
possible energy transfer A £ max =  17 meV we included all 
transitions up to j  =  0 —>10 (16.07 meV) and 7 =  2 —>10 
(15.19 meV). The results in Fig. 4 show an appreciable de­
viation between measured and calculated values in the region 
of large energy transfer. If we, however, extend the range to 
19.5 meV, a value which was calculated from the averaging 
procedure, and include the transitions 1—>11 (18.99 meV) 
and 2—>12 (17.53 meV) the agreement between experiment 
and theory is nearly perfect, as is shown in Fig. 2. This also 
exemplifies the influence of the transformation near the criti­
cal values of the Newton diagram, where two relatively 
small inelastic cross sections contribute significantly to the 
energy loss spectra in the lab frame. All other spectra were 
generated in a similar way.
In general, we can state that the agreement between the 
calculated and the measured energy loss spectra in Figs. 2 
and 3 is very good. This is valid for both collision energies. 
Not only do we find good agreement for the lab angles 0  
=  12° -1 9 °  at E cm= 102.9 meV, equally good as found in 
Ref. 19 with an empirical potential, but also at the angles 0  
=  20°, 21.5°, and 23° nearly complete agreement is 
achieved. The same is true for the lower energy E cm =  62.0 
meV. Here, the disagreement at the small angles 0 = 8 °  and 
10° found in Ref. 19, which was attributed to the failure of 
the infinite order sudden (IOS) approximation, is completely 
removed in the new close coupling calculations. The remain­
ing small discrepancies at the larger deflection angles for E  
=  1 0 2 . 9  meV could be caused by the omitted small contri-
cm
small changes in velocity and position space. Therefore, the butions starting from the initial states with 7  =  4 and 5.
calculation had to be performed very accurately, with hardly 
any approximations .42
In any case, the good agreement between measurements 
and calculations indicates that the ab initio potential of Ref.
The initial state distribution in the experiment with 75% 25 has also the correct anisotropy in the repulsive region.
200 300 400 500
Flighttime / \is
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FIG. 5. Contour lines of the potential R( y) at £ cm= 6 2  meV as function of 
the orientation angle y  for the potentials of Ref. 25 (solid) and Ref. 17 
(dashed).
This anisotropy is larger than that of the empirical potential 
of Ref. 17. This is demonstrated in Fig. 5 which shows the 
contour lines R( y)  for the energy V = 6 2  meV as function of 
the orientation angle y. The R -values of the ab initio poten­
tial are larger in the linear and smaller in the perpendicular 
approach than those of the spindle-shaped empirical potential 
leading to a difference A R  of 0.83 A. For comparison, the 
values for the potential of Ref. 17 are 0.66 and those of Ref. 
16 are 0.54 A. The orientation angle with the steepest slope, 
which is a measure of the asymmetry of the potential surface, 
is 37° for the ab initio, 22° for the spindle-shape, and 41° for 
the elliptical shaped potential surfaces. Apparently, the ab 
initio potential, though the potential with the largest anisot­
ropy, does not follow the somewhat artificial shape of a 
spindle. The expansion in Legendre polynomials shows that 
indeed terms with / =  2 and / =  4 are the largest contribu­
tions, so that an elliptical ansatz with 1 = 2 only is not suffi­
cient in the repulsive region. The same is true for the 
spindle-shape ansatz of Ref. 17, since in reality terms up to 
/ =  10 contribute.
We finally note that in the present case the calculations 
based on a realistic interaction potential and performed in the 
exact close coupling formalism reproduce the measured en­
ergy loss spectra very well. This gives us confidence that 
also the complicated averaging procedure, carried out as de­
scribed earlier, is correct and reliable.
IV. CONCLUSIONS
We calculated state-to-state differential scattering cross 
sections for H e -C 2H2 at three collision energies using the 
exact close coupling formalism. The interaction potential is 
based on recent calculations applying symmetry-adapted per­
turbation theory with a high-level treatment of the electron 
correlation.2  ^ The results were summed and averaged for 
comparison with the measured total differential cross sec­
tions at 71.3 meV and differential energy loss spectra taken 
at 62.0 and 102.9 m eV.19 All three experimental data sets 
were reproduced very well indicating, that both the isotropic
and the anisotropic part of the near repulsion are realistic. 
Since this potential is also able to reproduce the major fea­
tures of the recorded near-infrared spectrum, which are es­
sentially sensitive to the attractive part of the potential, we 
have one of the very few cases in which detailed scattering 
and spectroscopic data are completely reproduced by the 
same potential. While the potential has a global minimum 
near the linear configuration at y  = 14.16° and a local one at 
y  = 48.82° with rather small anisotropy in the attractive 
region, the shape of the repulsive part is quite anisotropic. At 
V = 6 2  meV, the difference between the linear and perpen­
dicular approach is 0.83 A and the largest slope is found at y 
=  37°. The characteristic feature of this potential surface is 
not a special shape but the fact that the anisotropy changes 
appreciably when going from the attractive to the repulsive 
part of the potential. This explains also the seemingly con­
tradictory experimental results of scattering experiments. 
Those experiments which are mainly sensitive to the attrac­
tive part of the interaction potential like the damping of the 
diffraction oscillations in the total differential cross 
sections16 and the rotational energy transfer at small angles 
and low energy17 can be fitted by potentials with small an­
isotropy. The experimental results presented in Ref. 19 
which mainly probe the repulsive part of the interaction re­
quire potentials with a relatively large anisotropy.
In order to achieve the results of this article, the interac­
tion potential is of crucial importance. The other ingredients 
of the data evaluation are the exact close-coupling method 
for the scattering dynamics and the nearly approximation- 
free MC procedure for the averaging process.
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